Abstract. In this paper, an attempt has been made to understand the electric field distribution in the Representative Volume Element (RVE) of the Macro Fiber Composite (MFC) using interdigitated electrodes IDEs. Since the magnitude of the electric field within the Representative Volume Element (RVE) using the IDEs is not uniform, an electrostatic study of the electric field behavior is carried out. An approximate RVE model with conventional electrodes, which is useful for the analytical solution, has been proposed instead of the RVE model with IDEs. Finally, the results obtained by the proposed analytical solution are compared to those obtained numericaly using the RVE model with IDEs.
Introduction
The last decade has seen spiraling efforts going on around the world into development of the smart structures field. The success of these structures is orchestrated by the materials, such as piezoceramics, shape memory alloys, controllable fluids such as magneto-rheological fluids and electro-rheological fluids, fiber-optic sensors and various other smart materials. Piezoceramics have been known as low-cost, lightweight, and easy-to-implement materials but present some drawbacks and limitations. These drawbacks were the brittleness of piezoceramic materials, which imposes certain restrictions for its practical use in real-world applications and requires extra attention during the handling and bonding procedures, poor conformability, non-directional nature of strain actuation, and low strain energy density. Piezoelectric fiber composites such as Macro Fiber Composites (MFC) were developed to overcome the drawbacks of typical monolithic piezoceramic (PZT) actuators [1] . To improve conformability, piezoelectric fiber composites use the combination of piezoelectric fibers and soft matrix. The strain energy density was increased by interdigitated electrodes to produce electrical fields into the inplane direction. Inplane electrical fields make the actuator to produce nearly twice the strain actuation, and four times the strain energy density, of a through-the-thickness poled piezoceramic actuator. The MFC developed at NASA-Langley Research Center is a revolutionary composite actuator, which consists in an active piezoelectric fibrous embedded in a matrix and covered with an interdigitated electrode pattern (Fig. 1) . Due to the MFC's construction using piezofibers, the overall strength of the material is greatly increased when compared to that of the base material, while affording the MFC greatly increased flexibility. Furthermore, the interdigitated electrodes (IDE) [1] allow the applied electric field to run axially allowing the higher d 33 coefficient to come into play, rather than the d 31 coefficient active in a monolithic PZT. The result is that the MFC has a substantially larger electromechanical coupling coefficient and produces larger force and free displacement. The use of IDE creates an anisotropic deformation in the piezoelectric fiber due to the non-uniform electric field under the electrode fingers.
The estimation of the effective piezoelectric composite properties is a real issue and mostly required for the modeling of adaptive structures equipped with such actuators. A Uniform Field Method (UFM) using a Representative Volume Element (RVE) technique has been proposed by [2] and more recently by [3] to determine the effective properties of MFC-d31 type. This method considers the different fields (stress, strain, electric field and electric displacement) as uniform in each phase of the RVE (fibre and matrix). Nevertheless, the proposed approach has some limitations since it is valid only for conventional electrodes with a uniform electric field in the composite wafer. Consequently, a new approach considering the non-uniformity of the electric field is needed. In the manuscript, a simplified approach of the RVE with conventional electrodes is proposed to estimate the effective properties of MFC's. This paper is organized into two sections. The first section comprises an electrostatic study for predicted electric field distribution using IDE. In this section, a numerical model of RVE is developed using finite element code. In the second section an analytical approach of the electric field is developed. A simplified analytical relationship able to describe the longitudinal electric field using IDE and the longitudinal electric field using conventional electrodes is then proposed.
Modeling
The analysis of the macro fiber composite MFC actuators/sensors using interdigitated electrodes depends on the mechanism of the electric field. The uses of this type of electrodes make complex the definition of different fields (stress, strain, electric field and electric displacement) in the RVE. Prior to investigate the homogenized properties of MFCs, we propose to study the variation of the electric field in the representative volume element with IDE. To investigate the effect of an interdigitated electrode (IDE) on the RVE, an electrostatic study of the electric field behaviour is proposed. In this paper, the proposed analysis is limited to pure piezoelectric fiber and do not consider the electromechanical coupling. Fig. 2 illustrates the 2D model of RVE using interdigitated electrode. The dimensions of the interdigitated electrode are also depicted on Fig. 2 . The RVE dimensions are defined by the electrode finger width w 2 , the electrode spacing, h p − and the fiber thickness h . In the first step, we considered that the thickness wafer is equal to the electrode finger width w h 2 = and the ratio h p is equal to 6 as in [1] . The RVE is modeled using the 2D finite element code "FEMM". The results are presented on Fig. 2-b . The color map illustrates the electric potential and the vector plot illustrates the electric field when an electric potential (
) is applied on the electrodes. From Fig. 2 -a one can notice, easily, that the RVE model can be divided into two zones according to the electric field distribution:
• Active zone: representing the area located between the electrode fingers. In this area the longitudinal electric field is uniform.
• Inactive zone: representing the area located under the electrode fingers. The electric field is not uniform in this zone. The profile of the electric field in these areas is strongly correlated to the geometry of the RVE itself and specifically to the width of electrode finger w 2 , the wafer thickness h and the ratio h p .
The optimal design of a given MFC should consider the piezoelectric performances (longitudinal expansion) and the drawback due to the high concentration of the electric field at the edge of the electrode fingers. The average electric field in the direction of the thickness is obtained using the following equation:
In order to simplify the electric field distribution, we normalize the electric field using IDE by the electric field using the conventional electrode p E p ϕ ∆ = . Fig. 3 shows the numerical result of the normalized longitudinal electric field in x-direction at different points of the thickness. The normalized electric field
calculated from the numerical model using the Eq.1 is also illustrated in Fig. 3 (black curve). The integration of the electric field with respect to the y-axis eliminates the peak value at the edge because the field concentration is located just at the edge of electrode fingers close to the thickness boundary.
Analytical approach
An analytical approach is proposed to illustrate and describe the electric field distribution. The thinking behind is to propose an approximated analytical formula able to describe the longitudinal electric field as a function of electrode dimensions and the uniform electric field using conventional electrode. As shown in Fig. 4 , the normalized electric field
in the active zone is uniform and could be approximated as
and the normalized electric field in the inactive zone is represented by a non-linear function. The approximate analytical expression of the normalized electric field in different area could be formulated as: 
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The numerical results of the longitudinal electric field and the proposed analytical expression are together in Fig. 4 
Conclusion
A numerical analysis with analytical approach to model the electric field distribution in representative volume element has been achieved. This model enables us to investigate the influence of the electrode dimensions on the mechanism of the electric field. In this paper we demonstrated that the mean value of the electric field in the thickness is a constant in the active zone and has a non-linear shape in the inactive zone. We also proposed a methodology to measure the reduction coefficient of the d 33 piezoelectric constant due to interdigitated electrode effect with respect to the IDE dimensions. This analysis can be extended to find the optimal shape of the interdigitated electrode and to understand the mechanism of different fields (stress, strain, electric field and electric displacement) with the electromechanical coupling in the RVE model using interdigitated electrodes. 
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